We present the case of a 51-year-old woman admitted to our intensive care unit following an intentional overdose of a calcium channel antagonist and a beta blocker. The resultant hypotension was reversed with glucagon, noradrenaline, calcium and high-dose insulin. Despite these interventions, she remained vasoplegic and received a delayed, standard dose of intralipid. Subsequently, the vasoplegia resolved rapidly, and the vasopressor was stopped. Here, we review the management of overdose of calcium channel and beta-adrenergic receptor blockers, concentrating on the pharmacology of lipid emulsion therapy. There remain some unanswered questions about lipid emulsion therapy: treatment with lipid therapy is usually advocated as soon as possible; this case report suggests that it remains efficacious even if its administration were delayed.
Introduction
Poison-induced cardiogenic shock (PICS) is common; overdoses of beta-blockers (BBs) and calcium channel blockers (CCBs) account for over 65% of deaths from all cardiovascular medications. 1 BB toxicity is the commonest cause of PICS in America;
2 CCB overdose is less frequent, but is the cardiovascular agent with the highest mortality rate in America, 3 responsible for 48% of all deaths from cardiovascular agents. 1 Management of patients following overdose of these drugs can be difficult; profound hypotension and bradycardia are seen, despite administration of standard treatments used for circulatory support.
In haemodynamically unstable patients, priorities include maintaining a patent airway with correction of oxygenation and ventilation, and intravenous fluids for correction of hypotension. Symptomatic bradycardia may be treated with atropine and cardiac pacing; calcium, glucagon and catecholamines, such as noradrenaline, may also be given. For patients who remain haemodynamically unstable after these initial therapies, second-line treatment options include high-dose insulin (HDI), lipid emulsion (LE) therapy and mechanical life support, including intraaortic balloon pump, cardiopulmonary bypass and extracorporeal membrane oxygenation. The pharmacology of HDI is discussed below. There is increasing experience in using LE, but there is concern over lack of clarity of the mechanism of action, and its risks, which are discussed below. This case report suggests that it remains efficacious even if its administration was delayed. rate of 50 per minute. The hypotension failed to respond to conservative treatment, and expecting the hypotension to persist, she was admitted to the ICU. On the advice of the National Poisons Information Service (NPIS), she was treated with an infusion of glucagon and noradrenaline, to maintain an adequate perfusion pressure. She also received boluses of calcium chloride and an infusion of HDI (1.5 units/ kg/h). The NPIS also advised to consider LE if deteriorating.
She became increasingly vasoplegic, requiring a dose of noradrenaline of 0.8 mg/kg/min at 16 h after the overdose, and, as advised by the NPIS, she received a standard dose of intralipid at this time. She received a bolus of 1.5 ml/kg of 20% LE, followed by an infusion at 15 ml/kg/h. Subsequently, the vasoplegia resolved rapidly and the vasopressor was stopped 4 h after the initial LE dose. She thereafter developed hypotension again, and the vasopressor was restarted at 15 h after the initial LE. A second dose of LE was given 10 h later, after review on the following morning's ward round and 24 h after the first dose, which was followed by permanent resolution of the hypotension (see Table 1 ). There was no significant change in the heart rate. The rate of glucagon infusion was not changed during the two LE infusions, but increasing glycaemic sensitivity to insulin allowed the latter to be weaned and stopped. The insulin infusion was continued into the second episode of vasoplegia, but hypoglycaemia necessitated the infusion be stopped, 6 h before the second LE dose. A focussed echocardiogram performed before the LE infusion did not demonstrate hypovolaemia or left ventricular systolic dysfunction, suggesting that vasoplegia was the predominant cause of the hypotension. Serum triglyceride levels were not measured.
Discussion

Pharmacodynamics of beta-adrenergic and CCBs
BBs competitively inhibit beta-receptors, which then indirectly decrease the production of intracellular cyclic adenosine mono-phosphate (cAMP); calcium influx through L-type calcium channels in the myocardium is reduced, which reduces the heart rate and cardiac contractility.
CCBs directly block L-type calcium channels, which causes relaxation of vascular smooth muscle, and as a result, vasodilatation. Some CCBs, for example, verapamil and diltiazem, also inhibit sinoatrial and atrioventricular node activity. In addition, CCBs switch the heart to metabolise carbohydrate preferentially, instead of free fatty acid oxidation that occurs in the myocardium in the non-stressed state.
Elsewhere, calcium channel antagonism inhibits insulin secretion in the beta-islet cells of the pancreas, producing insulin resistance and hyperglycaemia.
Treatment of CCB and BB overdose with glucagon and calcium Calcium salts are standard first-line agents in BB and CCB overdose, since the latter cause intracellular hypocalcaemia. In significant overdoses, calcium supplementation may provide a modest improvement in blood pressure, inotropy and conduction; however, patients are unlikely to respond to calcium as a single agent. 4 Glucagon is an attractive antidote in BB toxicity as it activates adenyl cyclase, which exerts a chronotropic and inotropic effect on the myocardium by stimulating cAMP synthesis, despite the beta-adrenergic receptor blockade. 4, 5 It produces an immediate increase in systemic arterial pressure; its effect on cardiac contractility may be modest. These positive chronotropic and inotropic effects have been demonstrated in various animal models of beta-blockade, and may be superior to a phosphodiesterase inhibitor and beta-receptor agonist in reversing the betablockade. 4 Glucagon is associated with several side effects, including nausea and vomiting, hypokalaemia and hyperglycaemia. It also displays tachyphylaxis.
Pharmacology and clinical effects of HDI
The mechanism of action of HDI is not fully elucidated, but probably acts via several different mechanisms. Insulin in high doses has strong positive inotropic properties, improving maximum elastance at end systole, left ventricular end diastolic pressure and coronary artery blood flow compared with glucagon and adrenaline, 6 and stroke volume after 1 h of HDI. 7 The inotropic response is associated with increases in intracellular calcium ion flux and sensitivity, 8 and an improved response to catecholamines. 9 HDI produces vasodilatation, which improves local microcirculation and systemic perfusion. The onset of the effects is delayed, but the improvement in haemodynamics is more sustained than other vasoactive agents, without the tachyphylaxis observed with adrenergic agents. 9 Under normal conditions, the primary energy substrates for the heart are fatty acids. Under stressed conditions, carbohydrates become the primary energy source. HDI improves myocardial uptake of carbohydrates, and inhibits free fatty acid metabolism. Additionally, exogenous insulin administration can help to overcome the insulin resistance and insulin deficiency that occurs in CCB toxicity.
The optimum dose has not been established. A dose of between 1 and 10 units/kg/h has been reported as effective in allowing vasopressor support to be stopped, 10 but doses as high as 22 units/kg/h have been used successfully. 11 The major adverse events are hypoglycaemia and hypokalaemia. Glucose supplementation is likely to be required throughout therapy and for up to 24 h after discontinuation of HDI. The hypokalaemia reFects a shifting of potassium into the intracellular space, rather than a decrease in total body stores.
Pharmacology and clinical use LE
Invented by Arvid Wretlind, a Swedish doctor, intralipid was approved for parenteral nutrition in 1962. Interest in the use of LE as an antidote has grown since a chance observation 25 years later that LE increased the dose of bupivacaine required to produce asystole in rats. 12 Measurement of partitioning suggested that the local anaesthetic (LA) partitioned into the lipid. Following further experience, LE is now a standard recommended treatment for LA toxicity, including refractory cardiac arrest. 13 There have subsequently been reports of its successful use in a wide range of drug overdose situations, including CCB, BB, typical and atypical antipsychotics, and tricyclic and other antidepressants, whose one common feature would appear to be that they are all lipophilic.
Intralipid Õ 20% is presented as a non-pyrogenic fat emulsion and consists of 20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin and water for injection. It is an alkaline solution, with the addition of sodium hydroxide. The soybean oil consists of triglycerides of mostly unsaturated fatty acids, primarily linoleic, oleic, palmitic, linolenic and stearic acids. Intralipid Õ has an osmolality of around 350 mOsmol/kg water, equivalent to 260 mOsmol/l of emulsion. The fat particle size is around 0.5 mm and should not therefore be a risk for fat embolism production. It has a caloric value of 2 kcal/ml. It also contains a significant phosphorous load of approximately 1.5 mmol/l emulsion. It is stored in a multilayered film which is biologically inert.
It is thought to be cleared from the plasma in a similar way to chylomicron clearance -through phospholipolysis by hepatic lipases, generating remnant particles which are cleared by the liver. 14 The mechanism of action of intralipid in treatment of drug toxicity is not clear. Proposed mechanisms include via lipid sink, improving cardiac fatty acid metabolism, changes in sodium or calcium channel function, or cardioprotection from cell damage (see Figure 1) .
Lipid sink theory
The lipid sink theory suggests that when lipid droplets are administered intravenously, lipophilic molecules preferentially partition into the droplets. The sequestering of these pharmacologically active molecules is thought to allow pharmaceutical agents to be redistributed from tissues of critical organs such as the heart and brain to the bloodstream. The observed reversal of toxicity from lipophilic drugs is consistent with this theory. However, this theory may only partially account for its observed effects, and may not be the sole mechanism of reversal of LA systemic toxicity. The effects of lipid infusions tend to be observed within a few minutes, but pharmacokinetic modelling of bupivacaine cardiotoxicity predicts that LE reduces the concentration in heart tissue by only 11% after 3 min of initiating therapy. 15 Additionally, the unentrapped (non-lipid bound) and free (non-protein bound) bupivacaine plasma concentrations after a non-toxic dose of bupivacaine may not be altered by LE 16 suggesting that the lipid sink effect may be less important than previously considered, and that reversal of hypotension with LE may therefore be due to mechanisms other than partitioning of lipophilic drugs. LA may instead be redistributed to other tissues with administration of LE. 16 Inotropy LE appears to have an inotropic effect, even in the absence of cardiodepressant agents. There are few human studies quantifying the change in inotropy, but in one study on normal rat heart, echocardiography demonstrated that the left ventricular ejection fraction increased by 7% after the administration of LE. 17 The mechanism is not clear, but changes in metabolism in cardiac myocytes, ionic channel modulation or cardioprotective mechanisms may be responsible. The inotropic effect of LE may be of less importance in this case, as the hypotension was considered to be primarily from vasodilatation.
Cardiac fatty acid metabolism
Under normal conditions, myocytes preferentially metabolise fatty acid as its primary energy source; however, in stressed conditions, it reverts to metabolism of carbohydrate, adding weight to the use of HDI in patient care information system (PCIS).
Alternatively, infusion of triglycerides and phospholipids in LE may allow myocytes under toxic conditions to revert to preferential fatty acid metabolism. Carnitine is required in the transportation of fatty acids within eukaryotic cells. Selective inhibition of the carnitine palmitoyl transferase 1 enzyme abolishes LE-induced improvement in contractility, 18 suggesting that the increased inotropy with LE is at least partly dependent on improvement in FA availability or metabolism. Patients with carnitine deficiency may be more at risk from cardiac toxicity from lower doses of bupivacaine, 19 which is itself an inhibitor of carnitine transport. 20 The addition of high-concentration lipids may therefore overwhelm the blockade to allow for preferential myocyte FA metabolism as an energy source.
LE causes an increase in vascular resistance, which is thought to be as a result of FA stimulation of an acute inflammatory response, and is associated with acute endothelial dysfunction. Impairment in vasodilatation occurs as a result of changes in locally-derived vascular mediators. 21 The changes may be prolonged; an infusion of LE is associated with a reduction in vasodilatation even 48 h later. 22 
Intracellular calcium
Non-esterified fatty acids accumulate at sites of tissue injury and necrosis, but their physiological role is not clear. The presence of the fatty acids is associated with increased intracellular calcium concentration, which may account for the increase in inotropy, 23 in addition to the metabolic changes outlined above. Long-chain unsaturated and saturated fatty acids, many of which are contained within LE, induce significant increases in voltage-dependent calcium currents (ICa) in cardiac myocytes. 24 The mechanism is not clear; LE may directly stimulate calcium flux, possibly by acting at lipid sites near the channels or directly on the channel protein itself. This effect appears to be independent of any cellular second messenger system, and is therefore particularly important in reducing the toxicity from CCB, and could potentially be responsible for the short, direct cardiotonic effect seen with LE.
Changes in sodium channel function
Recent work has suggested that LE may in addition affect sodium channel function. This effect may be of less relevance in this case, but may explain the positive outcome observed in cases where sodium channel antagonists are prominent intoxicants. LE partially reverses bupivacaine-induced blockade on specific cardiac sodium channels in cell culture. In addition, recovery of inactivated channels after bupivacaineinduced block is faster in the presence of lipids, 25, 26 independent of the repartitioning of the LA in the presence of LE.
Cardioprotection from cell damage
Ischaemia and reperfusion can both damage myocardial cells, the latter from inflammatory changes and induction of oxidative stress during restoration of perfusion. Intralipid appears to elicit some protection against myocardial ischaemia-reperfusion injury when administered at the time of reperfusion, with one study of rats demonstrating an absolute reduction in infarct size of 37%. 27 The mechanism is thought to be related to LE-induced inhibition of the opening of the mitochondrial permeability transition pore (mPTP), which is associated with excitotoxicity and apoptosis after cellular stress, and LE-induced protection of the heart by recruiting reperfusion pathways.
It is suggested that a combination of mechanisms was responsible for the improvement observed with LE in this case. At the time the first dose of LE was used (22 h post-ingestion), using mean half-lives of the drugs taken (amlodipine 30-50 h and bisoprolol 9-12 h) the effective doses of the drugs taken would have been meant that the predominant residual drug would have been amlodipine, and at the time of the second dose of LE, the bisoprolol would probably be exerting minimal biological action. Anecdotal evidence suggests that elimination of amlodipine may be delayed following overdose, 28 while the pharmacokinetics of bisoprolol are independent of the dose up to at least 100 mg. 29 One published case of an overdose of between 50 and 100 mg of amlodipine reports plasma concentrations falling from 88 ng/ml at 2.5 h, to 79 ng/ml 35 h later, a reduction of only 10%. 28 The cardiovascular dysfunction was therefore predominantly from the amlodipine. Amlodipine is lipophilic, suggesting that LE may be working primarily through repartitioning of the drug (the 'lipid sink' theory), and through changes in calcium flux. The hypotension was thought to be as a result of vasodilatation rather than myocardial dysfunction; the effect of LE on vascular reactivity is probably more relevant in this case than the inotropic effects. LE produced improvement within a few minutes, suggesting that its cardioprotective mechanisms are less important here.
The optimum dose of intralipid is not clear. Current guidelines advise 1.5 ml/kg as an initial bolus, followed by 0.25 ml/kg/min over 30-60 min, or a total dose of 9-17.5 ml/kg 30 but larger doses are usually well tolerated. In one reported case, there were no cardiorespiratory complications in a patient who received 2 l of 20% LE in error, during treatment for an amlodipine overdose. 31 Even this dose is probably well within safe limits; rat studies suggest that the median lethal dose (LD50) is 67 ml/kg. 32 While the precise mechanism of action and optimum dose remains unclear, there is increasing experience of its beneficial effects reversing the toxicity from a widening range of drug classes. However, there is increasing concern that the threshold for the use of LE is too low 33 : while undoubtedly of benefit in some cases, there is reported concern over publication bias, and the lack of a clear mechanism of action or optimal dose. LE is often given simultaneously with other treatments, making its efficacy difficult to determine. In one review of nine patients treated with LE for drug toxicity, six developed complications that were thought to be associated with the lipid infusion. Two patients developed pancreatitis, and four patients developed lipaemia sufficient to interfere with interpretation of laboratory studies. Three patients developed acute respiratory distress syndrome (ARDS). 34 While causality from this paper was not determined, there is a temporal and biological association, and therefore a potential risk.
Amlodipine has a relatively long half-life. LE has previously been reported to be effective in amlodipine overdose. 35 If LE is not given immediately after ingestion of a toxic dose, for example over concerns about adverse effects, this case report suggests that it may still be of benefit later.
Conclusions
We have reviewed the management of calcium channel and BB overdose, and specifically the use of insulin and LE. We wanted to raise awareness of the use of LE; if concerns about its adverse effects prevent its use at the time of the overdose, it may still be of use even after a few days if the patient remains compromised. The mechanism of action of LE remains unclear. Further elucidation would enable the use of LE to be targeted towards drugs whose pharmacodynamic effects are susceptible to modulation by LE, while minimising any adverse effects.
HDI has a number of beneficial effects, including a prolonged improvement in inotropy, increased sensitivity to catecholamines, and improvement in the availability of carbohydrates, the primary energy source in a myocardium in stressed conditions. It has few side effects.
